Introduction
Improved antiretroviral therapy (ART) access and effectiveness has resulted in a remarkable decrease in AIDS-related mortality and a simultaneous increase in life expectancy among HIV-infected patients [1, 2] . In the United States, nearly 24% of those living with HIVare 50 years and older [3] , and this number is anticipated to increase to 50% by 2015 [4] . As HIV-infected patients progress to advanced age, new challenges have emerged with regard to assessment and treatment strategies for HIV and its associated comorbid illnesses, including cardiovascular disease (CVD).
HIV-infected patients are at increased risk for CVD [5] , and this risk may increase with aging [6, 7] . The cause of CVD in this population is multifactorial. Recent data suggest that HIV-infected patients experience advanced immune aging through HIV-induced alterations in monocyte phenotype and function [8] . In addition to virus-related effects, traditional CVD risk factors such as diabetes and hyperlipidemia, as well as vascular changes including atherosclerosis and increased carotid intimamedia thickness (cIMT) are observed in those with HIV [9] [10] [11] [12] [13] [14] . Moreover, smoking, a modifiable risk factor for CVD, is highly prevalent among HIV-infected patients and it is estimated that between 50 and 70% of those living with HIV in the United States are current smokers [15] .
Although prior studies have investigated predictors of CVD in HIV-infected patients, little is known regarding the determinants of CVD in relation to aging comparing HIV-infected and HIV-uninfected patients. This study investigated the effects of age and smoking as well as the interaction of these variables on cIMT among a cohort of HIV-infected and HIV-uninfected participants.
Methods

Study population
Data were collected between 2000 and 2009 in 166 HIVinfected participants and 152 HIV-uninfected participants at the Massachusetts General Hospital (MGH) and the Massachusetts Institute of Technology (MIT). The purpose of the data collection was to compare cardiovascular risk data and cIMT as a measure of subclinical atherosclerosis among HIV-infected and HIV-uninfected participants matched for age and race. Consecutive HIV-infected and HIV-uninfected participants between 18 and 65 years of age were enrolled without regard to fat distribution. Participants were included from two noninterventional studies (one of women and one of men and women; with and without HIV) of similar endpoints. For participants receiving ART, a stable regimen for a minimum of 6 months prior to evaluation was required. Participants were excluded if they had a history of diabetes mellitus; were receiving concurrent therapy with insulin, antidiabetic agents, glucocorticoids, growth hormone, growth hormone releasing hormone, or anabolic steroids; had a major opportunistic infection within the 6 weeks prior to the study; or were pregnant or breast-feeding within the past year. The HIV-uninfected participants were recruited from the same sources as HIV-infected participants, were of similar socioeconomic backgrounds, had similar exclusion criteria, and tested negative for HIV disease. Data from these cohorts have been previously published [16] [17] [18] [19] [20] , but did not include an analysis on the effects of aging or smoking on cIMT. All participants provided informed consent. The studies were approved by the Institutional Review Boards at both MGH and MIT.
Measurements
Eligible participants were seen at the General Clinical Research Centers of MGH or MIT. All testing was performed following a 12-h overnight fast.
Smoking status was assessed and smoking burden was calculated using the smoking pack year standard calculation:
number of cigarettes smoked per day Â number of years smoked 20
where 1 pack has 20 cigarettes [21] .
Anthropometric measurements were determined in the morning, prior to breakfast. All anthropometric measurements were obtained using a nonelastic tape; measurements were obtained in triplicate and then averaged. BMI was calculated by dividing weight in kilograms by the square of height in meters. All measurements were completed by trained research dietitians.
Fasting glucose, triglycerides, cholesterol, high-density lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol were measured using standard techniques.
HIV parameters included assessment of CD4 cell count by flow cytometry, HIV viral load (ultrasensitive assay), and undetectable viral load (yes/no) at the time of cIMT assessment, duration HIVas a continuous variable and as a stratified variable (duration <5 years, 5-10 years, and >10 years), current antiretroviral (ART) use, duration protease inhibitor, nucleoside reverse transcriptase inhibitor (NRTI) and non-NRTI (NNRTI) use, and prior history of opportunistic infection. Information on nadir CD4 cell count was not available.
Measurement of carotid intima-media thickness
Imaging was conducted using a high-resolution 7.5-MHz phased-array transducer (SONOS 2000/2500; Hewlett-Packard, Andover, Massachusetts, USA). Digital images were captured directly to a Windows NT workstation using a high-quality, high-speed frame capture card made by Data Translation (Marlboro, Massachusetts, USA). Participants were positioned with a wedge of approximately 358 such that the individual's head and torso were at an incline to reduce respiratory variation and subsequent motion in the jugulars. Imaging of the left and right common carotid artery was performed. Imaging was performed in B-mode, and the transducer was swept in cross-section to note the position and orientation of the bifurcation of the carotid artery. The transducer was then applied to the longitudinal view, with images acquired at two angles, 90 and 458. The 908 imaging plane is a frontal plane of the head at the common carotid artery. The 458 imaging plane at the common carotid artery is 458 from the 908 plane. In each plane, the transducer was manipulated until the best image of the far wall of the distal 1 cm of the common carotid was acquired. Fifty-frame digital video clips of this region were acquired onto the Windows NT imaging workstation. Differences in interadventitial diameter of the common carotid artery across the 50 frames were used to judge the cardiac cycle and select a frame of minimum diameter (diastole) as the analysis frame. Either the 90 or 458 image in diastole was selected as the best view for image quality. Edge detection and mean intima-media thickness calculation were accomplished with an inhouse computer program. The published reproducibility of the technique is excellent with a SD of 0.007 mm [22] . The intima-media thickness over the length of the left segment is reported.
Statistical analysis
All statistical analysis was performed using SAS JMP statistics software (version 9.0; SAS Institute Inc., Cary, North Carolina, USA). Continuous variables are summarized as means and SDs and all categorical variables as proportions. We compared between-group differences among HIV-infected and HIV-uninfected participants for demographic and clinical characteristics using the Student's t-test for continuous variables and the x 2 -test for categorical variables. We performed univariate regression analysis to assess the relationship between age and cIMT, and smoking and cIMT stratified by HIV status among all participants.
We then performed multivariate regression modeling among all participants (HIVand non-HIV) in a combined analysis to examine how the effects of aging on cIMT differed by HIV status and smoking history. Simple models to assess the interaction between HIV status, smoking, and age with respect to cIMT were developed. In these models, predictor variables were age in years, HIV status, smoking pack years, and their two-way and three-way interaction terms. We next developed a comprehensive, fully adjusted model in which we included age, HIV status, smoking pack years and their two-way and three-way interactions terms, as well as sex, race, and traditional CVD risk factors, including fasting glucose, LDL, and blood pressure and use of lipidlowering and antihypertensive drugs. Sensitivity analyses were run including non-HDL, HDL, and triglyceride levels. All results are reported as mean (SD). Statistical significance was defined as P value of less than 0.05 in all models. For multivariate regression modeling, actual and scaled estimates are shown.
Finally, we performed multivariate regression modeling to assess for an interaction between age and smoking within the HIV group, controlling for race, sex, and relevant CVD risks known to affect cIMT (LDL, glucose, blood pressure, lipid-lowering drug use, antihypertensive drug use) as well as CD4, HIV viral load, and ART use. Sensitivity analyses including HIV duration as a continuous or stratified variable (<5 years, 5-10 years, and >10 years), current ART use, virologic suppression as a categorical variable (yes/no), and history of prior opportunistic infection (yes/no) were also performed.
Results
Demographic and cardiovascular risk factors Table 1 reports demographic characteristics and data on traditional CVD risk factors. Mean participant age was 44 (8) [mean (SD)] years in the HIV-infected group, similar to the control group 43 (8) years (P ¼ 0.44). The majority of the participants were women in each group. Race did not differ among the entire cohort.
HIV-infected participants differed from HIV-uninfected participants in specific cardiovascular risk parameters (Table 1) . Notably, HIV-infected participants had a significantly higher smoking burden of 12.4 (13.7) pack years and a larger percentage were current smokers (62.1%) compared to HIV-uninfected participants [4.0 (10.4) pack years and 32.9% smokers, P < 0.0001 for each comparison]. HIV-infected participants demonstrated a relatively higher Framingham Risk Score 4.0 (4.9) vs. 1.9 (2.8)% (P < 0.0001), although the Framingham Risk Score was relatively low in each group (<5% in both groups). Glucose, triglyceride, and non-HDL levels were higher and HDL levels lower in the HIV group. BMI, waist circumference, total and LDL cholesterol, and SBP were not different between the groups. cIMT was 0.68 (0.15) mm in the HIVinfected group and 0.66 (0.12) mm in the HIVuninfected group (P ¼ 0.066).
Among HIV-infected participants, mean duration of HIV infection was 10 (6) years, CD4 cell count 647 (329) cells/ml, 60% had an undetectable HIV viral load, 82% were currently receiving ART, and 59% had a history of prior opportunistic infection. Duration of each class of ART is shown in Table 1 .
Relationship between age, smoking, and carotid intima-media thickness A significant association was observed between age and cIMT among HIV (r ¼ 0.51, P < 0.0001) and HIVuninfected participants (r ¼ 0.39, P < 0.0001) (Fig. 1a) . Similarly, a significant association was observed between smoking burden and cIMT among HIV (r ¼ 0.42, P < 0.0001) and HIV-uninfected participants (r ¼ 0.24, P ¼ 0.003) ( Fig. 1b) .
Multivariate modeling to assess interactions between HIV status, smoking, and age effects on carotid intima-media thickness among all participants In modeling performed among all participants (HIVinfected and HIV-uninfected), assessing for interactions with HIV status, there was a significant interaction between age and HIV status with respect to cIMT (P ¼ 0.045) (Table 2a ), such that cIMT increased more with age in HIV than HIV-uninfected participants (Fig. 1a ).
Further multivariate regression modeling was performed to explore the cumulative effect of HIV status, age, and smoking burden with respect to cIMT among all participants (HIV-infected and HIV-uninfected). A significant three-way interaction between HIV status, smoking, and age with respect to cIMT was observed (P ¼ 0.006) (Table 2b and Fig. 2) . The three-way interaction was significantly larger than any other effect in the model (see scaled estimate, Table 2b ). In this model there was also a significant two-way interaction between HIV and age on cIMT (P ¼ 0.053). In a fully adjusted final model, including all of the terms in the initial model, as well as sex, race, blood pressure, LDL, fasting glucose, and lipid lowering and antihypertensive drug use, the three-way interaction between smoking, age, and HIV remained highly significant for cIMT (P ¼ 0.010) (Table 2c ). Sensitivity analyses including non-HDL, HDL, and triglyceride levels showed similar results with a significant interaction between smoking, age, and HIV with respect to cIMT (data not shown).
52
AIDS 2013, Relationship of age and smoking to carotid intima-media thickness among HIV-infected individuals Among HIV-infected participants, smoking (pack years) (P ¼ 0.007), age (P < 0.0001), and the interaction term between smoking and age (P ¼ 0.036) were all significant with respect to cIMT (Table 3a ). The interaction between smoking and age with respect to cIMTwas also significant in a fully adjusted model (P ¼ 0.027), controlling for sex, race, traditional CVD risk factors, lipid-lowering and antihypertensive medications, ART use, CD4, and viral load (Table 3b ). In this model, duration of protease inhibitor, NRTI, and NNRTI use were not significantly related to cIMT. Sensitivity analyses including non-HDL, HDL, and triglyceride levels showed similar results with a significant interaction between smoking and age with respect to cIMT (data not shown).
Sensitivity analyses including duration HIV, suppressed viral load, prior history of opportunistic infection and current ART showed similar results with a significant interaction between smoking and age within the HIV group (Supplemental Table 1 , http://links.lww.com/ QAD/A249). Similar results were seen when HIV duration was included as a stratified categorical variable (duration <5 years, 5-10 years, and >10 years). Of note, cIMT increased with increasing HIV duration (r ¼ 0.25, P ¼ 0.001), but HIV duration covaried with and was also significantly associated with increasing age (r ¼ 0.42, P < 0.0001). In multivariate modeling, age, but not HIV duration, was associated with cIMT (Supplemental Table 1 , http://links.lww.com/QAD/A249).
Discussion
In this third decade of HIV, clinicians are challenged to address the clinical needs of an aging HIV-infected population. Although recent articles have described anticipated concerns regarding HIV and aging, very few published data are available on the concurrent impact of HIV and aging on comorbidities, including CVD, that are prevalent in this population. Specifically, although
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many publications have shown a relationship between specific CVD risk parameters/atherosclerotic indices and age [11, [23] [24] [25] , few have compared these relationships to age in simultaneously assessed HIV-infected and HIVuninfected individuals [7, 12] . In addition, the cumulative impact of smoking, a commonly observed habit among HIV-infected patients, on CVD risk in this population is uncertain and no study, to our knowledge, has sought to simultaneously investigate the potential interaction between aging, smoking, and HIV, with respect to atherosclerotic indices. Our data show for the first time that these factors interact and are associated with increased cIMT and that HIV-infection modifies the relationship of age and smoking on cIMT in this population. These data demonstrate that older HIV smokers have a disproportionately higher cIMT than older HIV-uninfected smokers and suggest the critical need for risk modification to reduce the accelerated effects of aging on atherosclerotic indices in HIV patients in general and among HIV smokers in particular.
It is well known that cIMT increases with age among both HIV-infected and HIV-uninfected patients [14, 26] . However, few studies have compared the effects of aging on CVD risk in HIV-infected and HIV-uninfected populations. Triant et al. [7] demonstrated that the risk for acute myocardial infarction between HIV-infected and HIV-uninfected participants increased with increasing age in a large clinical care cohort. More recently, Guaraldi et al. [6] investigated the prevalence of specific CVD risk factors and CVD disease itself in a clinical cohort, also showing relatively greater increases with age in HIVinfected vs. HIV-uninfected participants. In addition, Guaraldi et al., using coronary artery calcification score, demonstrated increased vascular aging among HIV-infected participants, with a relative difference of 15 years in predicted vs. actual coronary age, although direct comparison to an HIV-uninfected control group was not made in this study [27] . Kaplan et al. [26] investigated cIMT at different ages by HIV status, but did not analyze whether this relationship differed between HIV-infected and HIV-uninfected participants.
Our data advance the investigation of aging effects on CVD in HIV by comparing the relative relationships between age and cIMT, a standard index of atherosclerotic disease, in HIV-infected vs. HIV-uninfected patients. We compared the relationships between age and cIMTamong all participants controlling for HIV status. In this regard, we saw a stronger relationship between cIMT and age in HIV-infected vs. HIV-uninfected participants and this interaction, which has not previously been examined, was significant.
The mechanism by which cIMT increases more with age in HIV-infected vs. HIV-uninfected patients is not well understood. Important traditional risk factors other than smoking, including SBP, LDL, waist circumference, and age, were similar between the groups, and Framingham risk scores were low on average among the HIV-infected participants. Differences in fasting blood glucose, triglyceride, HDL, and non-HDL levels were seen between the groups, but the interaction between HIV, smoking, and age remained significant adjusting for these variables in multivariate modeling. We did not permit diabetics, or those on insulin or steroids, into the study because of the known association of increased cIMT in diabetes. Inclusion of such individuals would potentially confound assessment of the relationship between smoking and aging in HIV-infected vs. HIV-uninfected patients.
Persistent chronic immune activation, resulting in greater atherosclerosis, has been postulated to occur in HIVinfected patients. Indeed, we have shown that sCD163, a marker of monocyte activation, is increased in association with noncalcified coronary plaque, even among virologically suppressed HIV-infected compared to HIVuninfected patients [28] . Kaplan et al. [29] have shown a relationship between T-cell activation and cIMT in HIVinfected patients. More recently, Hearps et al. [8] published an interesting study in which she showed that the monocytes from young HIV-infected patients resembled those of elderly controls with an increased activation phenotype, implying a premature activation of monocytes with aging in HIV-infected patients. Further studies are needed to investigate the interaction of monocyte and T-cell activation with aging and atherosclerotic disease in HIV-infected vs. HIV-uninfected patients.
Use of ARTand other factors may contribute to advanced vascular aging in HIV-infected patients, although we did not see evidence of this in the current study, controlling for current ART use or duration of protease inhibitor, NRTI or NNRTI use. Moreover, we tested whether virologic suppression per se and prior history of opportunistic infection, for example to define those with more significant prior immune dysfunction, were associated with cIMT in the modeling and they were not. Duration of HIV was associated with increased age and cIMT, but age, and not duration of HIV, remained significant in multivariate regression modeling for cIMT. Inclusion of these variables did not affect the relationship between aging and smoking seen in the HIV group.
Cigarette smoking, a leading cause of morbidity and mortality [30] , is increased in HIV [15] and has been related to CVD events among HIV-infected patients [31] . Tobacco smoke directly affects key pathways, which promote the development of atherosclerosis including vascular inflammation, lipid oxidation, and vasomotor function [32, 33] . Similar to prior studies [34, 35] , we found increased smoking burden in HIV-infected patients, and also demonstrate that smoking burden is positively correlated with increased cIMT in HIVinfected and HIV-uninfected patients. Prior studies have looked at the effects of smoking in HIV-infected and HIV-uninfected participants [14, 36] , but have not assessed the differential effects of smoking on cIMT in these groups. As recent studies suggest, exposure to cigarette smoke itself can result in monocyte activation [37, 38] , and this may be a mechanism of the synergy we find with respect to HIV disease in our study.
Effects of aging and smoking on cIMT Fitch et al. 55 We assessed the interaction between age and smoking among all participants, including a term for HIV status and the relevant two-way and three-way interaction terms. In this regard, we found a strong and novel relationship such that cIMT increased more among aging HIV-infected than HIV-uninfected smokers. The interaction was highly significant and the scaled estimate showed that it was larger than any other effect in the model. These data suggest a potential mechanism by which increased smoking burden may interact synergistically with increased vascular aging to markedly increase atherosclerosis in HIV-infected patients.
Taken together, these data suggest that the increased burden of smoking may be a particular concern among the HIV population as it ages. Recent data from the Data Collection on Adverse Events of Anti-HIV Drugs demonstrated that smoking conferred a significantly increased relative risk of myocardial infarction of 2.83, controlling for ART use and conventional risk factors for CVD, but this study did not include HIV-uninfected participants as a control group [31] . In our study, the interaction between smoking, age, and HIV that we demonstrate with respect to cIMT was not the result of any increase or differences in other traditional risk factors between the groups, as we controlled for traditional risk factors, race, and sex in our final model. Indeed the threeway interaction remained highly robust in a fully saturated model, controlling for all possible two-way interactions. Additional research is critical to further explore the mechanisms by which smoking may particularly synergize with aging, to induce atherosclerosis in the HIVinfected population.
Our study has limitations. The cross-sectional design limits the determination of causality, but our data from a representative group of HIV-infected patients and agematched controls is informative and demonstrates a highly robust and novel interaction between smoking, age, HIV, and cIMT. Women comprised a majority of study participants, but the percentages of women in the HIV-infected and HIV-uninfected groups were similar and we controlled for sex in all analyses. The study size of over 300 participants with well phenotyped HIVinfected and HIV-uninfected participants was large enough to detect a significant interaction between HIV status, age, and smoking burden on cIMT in comprehensive modeling, fully adjusted for relevant covariates. We did not have data on nadir CD4, or duration of viral suppression, to control for prior history of immune dysfunction, which may impact the relationship between aging, smoking, and cIMT, but we did include data on prior opportunistic infection as a surrogate in this regard, without an effect in the modeling. Future studies should investigate the effects of current and prior immune dysfunction and immune activation on the relationship between smoking, aging, and cIMT in HIV patients.
In summary, our data highlight for the first time that there is a significant, synergistic effect of HIV, age, and smoking burden on cIMT. This finding is critical as we approach an era when over half of patients living with HIV will be older than 50 years, and a disproportionate number of these older, HIV-infected patients smoke. Our findings advocate for assessment of CVD risk and utilization of necessary interventions to reduce CVD risk prior to midlife among the growing number of HIV-infected patients approaching advanced age. Importantly, these data support the critical need for clinicians to encourage smoking cessation as a measure to improve CVD risk among HIV-infected patients, particularly as this population continues to age.
